In-Fiber Semiconductor Filament Arrays
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ABSTRACT

We report a novel physical phenomenon in which a cylindrical shell undergoing a scaling process evolves into an ordered array of filaments
upon reaching a characteristic thickness. We observe that the tendency to breakup is related to the material viscosity in a manner reminiscent
of capillary instability. However, unlike the classical breakup of a fluid cylinder into droplets, the structural evolution in our system occurs
exclusively in the cross sectional plane while uniformity is maintained in the axial direction. We propose a fluid front instability mechanism
to account for the observed phenomena. The fleeting evolution of fluid breakup from a thin film to a filament array is captured in the frozen
state by a thermal drawing process which results in extended lengths of solid sub-100 nm filaments encapsulated within a polymer fiber.
Hundreds of glassy semiconductor filament arrays are precisely oriented within a polymer fiber matrix making electrical connections trivial.
This approach offers unique opportunities for fabrication of nanometer scale devices of unprecedented lengths allowing simplified access and

connectivity.

Optical-fiber thermal drawing from a viscous macroscopic
preform is a well-established process for producing kilometer-
long silica fibers with uniform dimensions in the telecom-
munication industry."? In the past decade, microstructured
fibers incorporating air enclaves have been created with these
methods, resulting in novel fiber designs.’>~® All these fibers,
however, consist of a single material with the possible
addition of air cavities. The fact that these fibers consist of
a single dielectric material limits their usage to optical-
transport related applications.

An altogether different class of fibers incorporating multiple
materials (e.g., semiconductors, insulators, and metals) thermally
drawn from a macroscopic preform has recently emerged.”~ !
These fibers allow one, in principle, to incorporate the
functionality of a semiconductor device into a fiber. The
straightforward fabrication process has four main steps (see
Figure 1a). (i) An amorphous semiconductor film of desired
thickness is thermally evaporated onto an amorphous polymer
substrate. (ii) The semiconductor/polymer bilayer film is
tightly wrapped around a polymer tube. (iii) Additional layers
of protective polymer cladding are then rolled around the
structure. (iv) The preform is fused into a single solid
structure by heating under vacuum. The solid preform is then
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heated into the viscous state and controllably stretched into
an extended fiber by application of axial tension.

Fibers with layered structures have been successfully
achieved with this unique method.* ¢ Tens-of-meters long
fibers with a uniform diameter have been produced, as seen
from the inset of Figure la (iv). The cross-section and
semiconductor layer of fiber (see Figure 1c) do not change
during drawing; they are simply a scaled-down version of
preform structure (Figure 1b). The semiconductor film
geometry is important in structures such as cylindrical
multilayer photonic bandgap fibers®!? and sensitive optical
and thermal fiber detectors.'!™!3

Increasing the number of semiconductor devices incor-
porated into a single fiber is desirable for enabling multiple
functionalities. This objective naturally entails a decrease in
feature dimensions. However, what happens to extremely thin
films during the top-down thermal drawing process has not
been explored. One may reasonably expect that surface-
energy-driven instabilities while the preform is in the viscous
fluid state will impact the resulting geometry. In fact, this
approach may be viewed as a test bed for studying such
instabilities with several distinct and unique advantages. The
effect of shrinking the liquid film (or other structures of
interest) may be studied over a very wide range of parameters
and can be finely controlled during the fiber-drawing process.
The produced structures are “frozen” into the fiber so that
they may be directly observed by both cross-sectional and
axial inspection, and quantitative conclusions concerning
stability limits of the feature size can be made.
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Figure 1. Preform-to-fiber fabrication process. (a) (i) Thermal evaporation of a glass film on a polymer substrate; (ii) wrapping film around
polymer rod with a hollow core; (iii) cladding the film with polymer matrix; (iv) thermal drawing from preform to fiber with the layer
structure retained. Inset is photograph of tens-of-meters long fiber. (b) An optical microscope image of the layer structure in the preform
is shown on the left, and a magnified section of the thin film on the right. (¢) SEM micrograph of the fiber cross-section is shown on the
left, and a magnified section of the intact semiconductor thin film, right, confirms that the layered structure is preserved.

To investigate the smallest achievable thickness of the thin
film, we have studied multiple material combinations. Two
amorphous semiconductors (Se and As,Ses) and two poly-
mers (polysulfone, PSU, and polyethersulfone, PES) were
used in two combinations (Se with PSU and As,Se; with
PES). The materials in the pairings have similar thermo-
mechanical properties in an overlapping temperature range
as well as good adhesion through repeated thermal cycling,
both properties being crucial to facilitate codrawing of the
two different materials.'®!3

To isolate the effect of film thickness, a fiber preform
consisting of several concentric amorphous semiconductor
films having decreasing thicknesses was prepared for each
material combination (as depicted schematically in Figure
2a). The preform was consolidated under vacuum for
approximately one hour at ~260 or 220 °C for As,;Ses/PES
and Se/PSU combinations, respectively. To draw tens of
meters of fiber from cylindrical preforms measuring 160 mm
in length and 20 mm in diameter, a conventional optical fiber
draw tower consisting of a three-zone furnace to heat the
preform to its processing temperature (high-temperature zone
set to ~300 °C for As,Ses/PES and ~260 °C for Se/PSU fibers),
a feeding process to controllably introduce the preform into the
furnace (downfeed speed of 0.003 mmes™!), and a capstan to
pull the resulting fiber from the preform (set at was ~0.1
mmin~') were used. The drawing parameters were fixed to keep
a constant draw-down ratio of about 20 between the feature
sizes of the initial preform and final fiber.
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SEM micrographs of a fiber cross-section (Figure 2b) show
that the thicker semiconductor layers remain intact after
drawing, but thinner layers break up. A striking difference
in film stability is highlighted in the magnified fiber cross-
sections for Se/PSU (Figure 2c) and As,Ses/PES (Figure 2d).
Only the thickest Se layer remains intact after drawing while
the three thinner layers undergo different degrees of circum-
ferential breakup (Figure 2c). The thinnest Se layer com-
pletely breaks up into circular features. In contrast, all the
As,Ses layers remain intact above 10 nm with layer breakup
occurring only in the thinnest 3-nm layer (Figure 2d).
Additionally, the average spacing between Se segments in
Figure 2c is found to be linearly proportional to the layer
thickness (inset of Figure 2b).

Given these observations of circumferential layer breakup
in the fiber, the question of axial stability naturally arises. To
facilitate the observation of the axial behavior, we prepared two
new preforms, each with a single thin Se films (Figure 3a).
One preform contains a thin Se film with a final dimension
after fiber drawing of sub-100 nm and is expected to break
up (Figure 3b,c). The second preform has a final thickness
after drawing of 800 nm and is expected to remain intact
(Figure 3d,e). Photographs in Figure 3b,d demonstrate the
color and mechanical flexibility of the fibers. Axial inspection
of the fibers reveals continuous Se filaments form in the sub-
100-nm layer fiber (Figure 3c); the 800-nm larger fiber
remains intact as amorphous state,'”!® (Figure 3e). The
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Figure 2. Breakup of layers at the nanometer scale. (a) Sketch of the preform with multiple films of decreasing thickness and fiber cross-
section indicating breakup of thinner layers. (b) An SEM micrograph of a fiber cross-section; inset showing that average spacing of break-
up segments varies linearly with the final layer thickness. (c) Magnification of Se/PSU fiber cross-section (boxed area in panel b) (the final
layer thicknesses in fiber are 700, 96, 65, and 17 nm, respectively) showing that the layers are broken when pulled to below 100 nm
thickness; inset for a further magnified section of the 17 nm layer. (d) Magnification of As,Ses/PES fiber cross-section (the final layer
thicknesses in fiber are 270, 70, 14, and 3 nm, respectively) showing that the layers are maintained to sub-15 nm thickness; inset shows a
further magnified section of the 3 nm layer.
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Figure 3. Extended and ordered filament arrays embedded in the fiber. (a) Sketch of the preform with a thin film and fiber with the
extended filaments after layer breakup. (b) Photograph of a Se/PSU fiber exhibiting cross-sectional break-up of the sub-100-nm layer. (c)
Optical microscope image (boxed area in panel b) taken along the length of fiber revealing extended amorphous Se filaments embedded in
this fiber. (d,e) Photograph and optical microscope image of a Se/PSU fiber with a thick Se film that does not breakup.

reproducibility of the extended filaments has been confirmed
by several independent fiber drawings in both Se/PSU and
As>Se;s/PES system. We have not found any axial filament
breakup, though branching and recombination of the
filaments appear occasionally due to defects or in homo-
geneities in the prepared thin film. Thus, the well-ordered
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parallel filament arrays span the entire fiber length.
Combining the cross-sectional (Figure 2c) and axial (Figure
3c) observation of the filament, we conclude that the a-Se
and As,Ses filaments have ribbon-like three-dimensional
structures (approximately 100 nm x 10 gm x length and
20 nm x 20 nm x length of fiber, respectively).
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Figure 4. Semiconductor nanofilaments extracted from fiber. (a)
The filament bundles are extracted from the fiber by dissolving the
polymer matrix. (b) SEM micrograph of a Se filament and a
magnified section of it. (c) (i) A bundle of As,Se; filaments. (ii)
Magnified section showing parallel filaments. (iii) A section of a
single filament.

An intriguing feature of this phenomenon is the potential
use of these semiconductor filaments after extraction from
the polymer matrix (Figure 4a). Indeed, the polymer matrix
is easily dissolved away by a solvent (dimethylacetamide),
leaving filament arrays for possible further processing.
Examples of the extracted filaments are given in Figure 4b,c.
Figure 4b shows a 1-mm long Se filament extracted from a
fiber composed of 100 nm thick Se layer that has broken up
(the same fiber as Figure 3c). A bundle of As,Ses filaments
extracted from an As,;Ses/PES fiber (from a single As,Ses;
thin-film preform) is shown in Figure 4c. Individual filaments
have sub-100-nm width and 10-nm thickness.

The length of nanofilaments produced with this method
is especially captivating.'® 2! For example, the semiconductor

a

film in a typical fiber preform is 10-cm long, 3-cm wide
(the preform circumference) and hundreds of nanometers in
thickness (these dimensions are by no means limits, but are
simply experimentally convenient). From this preform, forty
meters of fiber may be produced if it is drawn down by a
scaling factor of 20. The number of filaments in the fiber is
around 100 (diameter of fiber is 1 mm and spacing between
filaments is around 10 gm). Thus hundreds of meters long
filaments can possibly be produced from a single semicon-
ductor sheet clad in a polymer preform. This unique feature
is due to the transition in dimensionality from a 2D sheet
into 1D filament arrays. Furthermore, because the fiber
dimensions may be easily changed and the fiber drawing
process may have draw-down ratios much greater than 20,
hundreds-of-meters long nanofilaments may possibly be
many orders of magnitude longer than other approaches to
nanowire production. Note that this is achieved in the form
of hundreds of nanofilaments all possessing the same global
orientation inside the fiber.

The breakup mechanism of the sheet into filament arrays
is not completely understood at this point (see Figure 5a).2~2*
We proceed to outline a fluid-front instability mechanism
as a heuristic model to explain these observations. This
mechanism is based on the classical capillary instability
model.??° First, we note that the thin semiconductor glass
film does not extend along the entire length of the preform.
At the beginning of thermal drawing, only polymer is located
in the high-temperature zone where the preform deforms in
the viscous state. At this time, the film is outside the high-
temperature zone. As the drawing proceeds, the part of the
preform containing the film is gradually fed into the high-
temperature zone and a viscous glass/polymer interface is
formed. We assume this interface has a curved fluid front
due to interfacial tension (with a radius of curvature r that
is approximately half of the glass layer thickness &, r ~ h/2,
as seen in Figure 5b(i)).2*?” A capillary instability develops
on this curved front where small initial perturbations grow
rapidly into protrusions (Figure 5b(ii)). These protrusions
extend into filaments along the axial direction as the rest of
the preform passes into the high-temperature region. The

(ii) (iii)

time

, s
.
.
.
1 E ~
TN
' ~
| : b
‘ .
. Y
, .
‘ .
. '
| -
' ]
.
z i

D

Figure 5. Proposed mechanism of filament arrays formation. (a) Schematic of a layer breakup into filaments during drawing. (b) (i—iii) A
schematic of the time evolution of layer breakup. The formed viscous polymer/viscous glass interface has a cylindrical fluid front, whose

breakup is driven by capillary instability.
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filaments subsequently freeze in place as the fiber emerges
from the high-temperature zone and cools (Figure 5b(iii)).

The predictions based on this mechanism qualitatively
agree with our experimental results. The linear theory of
capillary instability, such as the classic Rayleigh and
Tomotika models, states that the capillary instability growth
rate o is proportional to the interfacial tension 7, and
inversely proportional to the viscosity # and layer thickness
h.2>% For any given material system, thinner layers have
shorter instability time corresponding to a large growth rate
and are therefore unstable during fiber drawing as observed
in Figure 2. Furthermore, this capillary instability predicts
the linear relationship between the average spacing and the
layer thickness, which is consistent with the experimental
observations (inset of Figure 2b). For the two different
materials systems we have considered, Se/PSU and As,Ses/
PES, Se has 5 orders-of-magnitude lower viscosity than that
of As;Ses,?® so Se layers are more vulnerable to breakup
than As,Se; layers, as seen in Figure 2. One may expect
that surface tension should result in the cylindrical filaments
(Figure 2c inset) breaking up axially into droplets. However,
axial tension and viscous boundaries may contribute to
stabilizing the filament leading to a time scale for axial
breakup, which is longer than that of circumferential breakup.
This is confirmed by the fact that we have not observed axial
breakup in our experiments.

Several other candidate mechanisms are less likely to
contribute to the observed behavior but warrant further
exploration. First, the dewetting instability?® of thin films
(resulting from the van der Waals forces) acts at a short-
range (~10 nm) and hence does not play an important role
in our experiments where the glass fluid front thickness is
on the order of micrometers in the high-temperature zone.
A second candidate is the Saffman—Taylor instability in
which a low-viscosity fluid (the glass thin film in our case)
is pushed into a high-viscosity fluid (the polymer cladding).*
Future studies will further elucidate the detailed instability
mechanism by using a wider class of materials and by
building a comprehensive model that includes additional
effects such as thermal diffusion and axial stretching.

This top-down methodology (macroscopic preform to
microscopic fiber to nanoscale filaments) is a unique ap-
proach to producing nanofilaments with several attractive
features. These filaments may be produced in a high-
throughput and low-cost fashion. The arrays are well-ordered
with parallel alignment. Furthermore, these filaments are
encapsulated in a protective polymer matrix, which lends
itself to manual manipulation until the need to extract the
filaments arises. We thus bypass the fragility of these
nanostructures during handling that plagues other approaches.
Most importantly, the nanofilaments are produced with
exceptionally long lengths. Nanofilaments may be potentially
useful in enabling large-area applications including renewable
energy (photovoltaics, thermoelectrics) and bioengineering
(scaffolding for tissue growth). Directions for future work
include producing high-density filament bundles using a
multiplicity of layers in the fiber preform, and assembling
metal and semiconductor structures in the same fiber.
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